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FIG. 2B
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FIG. 3C

el,q =0.6%FW 12 xgR™O-S+CR™O

cal —

e? -——0.07*FWO.5 *BR—0.4 *CR—O_S

cal =

IF e2 .,<= —-0.08 THEN e2_.,=-0.08
el = WHERE X=eZ

exp cal

0.5159—0.4798x+1.254%2x+2.2X> FOR SS 304
0.2095—-0.0297X+5.74842X+13.4466X8 FOR AL 2024 "Q”

0.2193-0.2505X+8.0222X+18.3069X8 FOR AL 2024 AQ
0.142-0.2327X+7.73382X+22.3734X8 FOR AL 2024 T4

0.0617-0.0712X+7.62172X+29.2318X8 FOR AL 2024 T3

FIG. 3D

IF CR<2.5
el.q) =In(FW*(CR—FW)+1)
2.4 =—0.4%e1.q

IF CR>=2.5

e1CG| :O_44*FW 0.5 *ALO.:') *CR—O_B
e? _—0.16*FW0'6 *ALO'4 *CR_O'Q

cal —

IF e2 <= -0.08 THEN e2.,=—0.08
el = WHERE X=e2

exp cat
0.5159-0.4798x+1.254%x+2.2X> FOR SS 304

0.2095-0.0297X+5.74842X+13.4466X8 FOR AL 2024 0"

0.2193-0.2505X+8.0222X+18.3069%X8 FOR AL 2024 AQ
0.142-0.2327X+7.73382X+22.3734X8 FOR AL 2024 T4

0.0617-0.0712X+7.6217%X+29.2318X8 FOR AL 2024 T3




US 6,522,979 Bl

Sheet 7 of 31

Keb. 18, 2003

U.S. Patent

o S

" N> | _..OI&—._.I_<
m.m.o._.zmm.OI 49 1°1 M
”V?o._ O

TVNIOYVA

+

HON< | o dy IV
ss:04+Nggp- 80 |- M _

ONITINIYM

!

ON

SSANMNOIHL 1VIYILVIA
M3N ‘SNIgvy
ON38 M3N "31ONV ON34
MIN 3JHL 3J1VINJ1VO3d

(vgS0)— | )IMi=M1
L06=v8 NIHl .06<vg il

JANSS3dd SS3dd

NOILS3OONS aNY
AONVHIO N9IS3d
\ | A
oA
_ JaNiv4 _m_m_:.__,q.._ ON —»
i

¢l v20Z 1V 404 O
vL v20C 1V 404 O°¢
OV ¥20Z¢ 1V 804 G9°I

«O. ¥C0C 1V 404 G| |
v0eSS 404 G
=d019V4

>dA HIONI1 39NV 14
- SNIave
RO
& o SNOINOD HIONI1 Juv
——.DI&—.H—(WW.D._-EWM..QIMQ _.._.;I.— mD_Q{m Dzum
SSINSDIHL TVISILVA
“TIONV _ON38
SAIOvY GNJ8
'Y1Va LNdNI
gy 9l4
V¢ Ol
b D14 NHO04 MNINHS

Vv "Old



US 6,522,979 Bl

Sheet 8 of 31

Keb. 18, 2003

U.S. Patent

dav Ol

1Isd 000°0Z
g330X3 ION 1ng9 ‘3¥NSSIyd
SS3¥d aI¥IND3IY ILVINIIVOIY

JONVHD SS300¥4d (8)

(MBUyz PPy 9197 1°¢)/1Vx3x0'T

=(dvid 10 "ON

1-PP% gz 0+ mi=3

JONVHD 1101 (V)

w_o\;mc3

HLAIM
JONVI1 MIN 0NV
'SNIAVY ¥NOLNOD MIN
'SSANUIIHL TVIYILVA
MIN "HION3T J¥V

MIN JH1 JIVINIIVIdd |

NOI1S3O0NS
JONVHO SS3008d

t

|

A

NOILSIOONS
JONVHO NOIS3CG

!

N@._‘” ;O.._ UV— mmm.—.“ _IUV_ ”m.~“0¥
¢l ¥Z0Z 1V ¥04 (S)
6 1= Mloy  igrz= Moy {1'z=9o)

1 v20Z IV 404 (¥)

gl'z= Moy ipgz= Moy iprz=o)
OV ¥Z0Z v ¥04 (§)

G'g= Moy  igp= Moy !ig¢=0y
0., vZ0Z v ¥04 (2)
g 1= Moy  izrz= Moy ip'z=o)

y0¢ SS 304 (1)

08B'¢ | 0060L | &L ¥202 1V
|Ov'¢ [ 0080L [vl v20Z 1V
06°¢ | 06¢29 |0V ¥20Z 1V

1811 00997 _.O: ve0Z 1V
08°C| 009101 Y0¢ SS
bl sy |

cco¥ sl /po-dxce-oVExd8x IH=8S

LWx000‘0S1=d N3HL
000°0S 1=<1N/d 4l
0ZxMIxE /; LNxSH=34NSSI¥d WNHININ

J

CADVEINILS
033N NOA 0Od

ON




U.S. Patent Feb. 18, 2003 Sheet 9 of 31 US 6,522,979 B1

FIG. 5




U.S. Patent Feb. 18, 2003 Sheet 10 of 31 US 6,522,979 B1
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FIG. 10
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FIG. 14
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FIG. 20
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1
FLUID CELL PROCESS MODELING

STATEMENT RE: FEDERALLY SPONSORED
RESEARCH/DEVELOPMENT

This mvention was made with Government support under
contract F33615-93-C-5318 awarded by the Unites States
Government. The Government has certain rights in this
invention.

FIELD OF THE INVENTION

The present invention relates generally to workpiece
design for press forming operations, and more particularly to
a method for selecting suitable workpiece materials utilizing
customized strain and bending correlations.

BACKGROUND

As 1s generally known, many consumer and-industrial
ooods are constructed by press forming a relatively pliable
workpiece material mto the desired product shape. For
example, refrigerators, ovens, storage cabinets, beverage
containers, tool chests, and automobile body parts are often
constructed by press forming aluminum or steel sheets.
Likewise, many airplane components, such as the fuselage,
chair frames, and structural support members are often

constructed by forging or press forming aluminum sheets or
blanks.

In many cases, 1t 1s critical that the workpiece material
will not rupture or yield when it 1s formed into the desired
shape. As such, the workpiece material must be sufficiently
ductile, the workpiece shape must be compatible with the
types of bends that will be made, and there must be a
sufficient quantity of workpiece material so 1t can be
stretched and manipulated into the final shape. In addition,
designers often prefer to minimize the size and weight of the
workpiece. For instance, a smaller and lighter workpiece can
be an important design parameter, such as with airplane and
rocket components. Furthermore, a smaller and lighter
workpiece can reduce per unit material cost, and may reduce
the number of post-forming operations that are required,
such as trimming excess material.

While the art of selecting and designing workpiece mate-
rials 1s very old, the process can be very expensive, time
consuming, and i1naccurate. In some cases, designers may
refer to various engineering manuals to evaluate the form-
ability of a particular material. If the product 1s formed from
a common material, substantial information may be avail-
able regarding the material strength and ductility. For com-
mon materials, general bending correlations may also be
available for predicting strain when the workpiece 1s bent
and stretched into typical shapes. This approach can be
inaccurate or impossible however, if the finished product is
formed from a relatively new or rare material. Moreover,
standard strain correlations can be inaccurate 1f the work-
piece bends are different from those used to develop the
correlations.

In addition to the above difficulties, complex material
properties are often difficult to predict. For example, strain
correlations may not be available for predicting the com-
bined strain from multiple bends disposed about the work-
piece. Combined strain can be a problem when the strain
from the respective bends do not cause fracture when
considered 1n 1solation, but their combined strain leads to
failure 1n the workpiece. Similarly, standard engineering
manuals often do not have accurate correlations for predict-
ing the tendency for a workpiece to spring back after press
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forming. Thus, the workpiece final shape may deviate from
the intended shape when this tendency 1s not accounted for.

To address these problems, 1t 1s known 1n the art to select
workpiece materials by experimentation. Experimental
methods normally involves bending multiple workpiece
samples 1nto the desired product shape so that an optimum
workpiece design can be determined by trial and error.
While this approach can provide accurate information
regarding strain properties and the tendency to spring back,
it can also be expensive and time consuming. For instance,
extensive testing 1s generally required for new materials or
when the workpiece 1s formed into relatively unique shapes.
As such, budgetary constraints may limit the amount of time
and money for workpiece testing, and a less than optimum
design may be selected for expediency. In addition, even if
a near optimum workpiece design can be developed, the test
data may not be useful if the product shape 1s subsequently
modified. As a result, testing may have to be repeated when
the finished product changes.

In view of the above complexities, a primary object of the
present mvention 1s to provide a more accurate method for
determining workpiece formability using customized strain
and bending correlations for the workpiece material.

Another object of the present invention 1s to provide a
method for predicting the extent of workpiece spring back
after press forming.

Yet object of the present invention 1s to provide a method
for determining the compounded strain resulting form mul-
tiple bends.

Moreover, another object of the present mvention is to
provide a method for determining bend angles to predict
whether a workpiece may be formed in one step forming
operation.

Still another object of the present invention 1s to provide
a method for determining workpiece formability which
minimizes the time and expense for workpiece testing.

These and other objects of the present invention will
become apparent from the disclosure which now follows.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s a method for selecting a suitable
workpiece having a material composition and a thickness for
forming an article. The method includes the steps of select-
ing a workpiece, obtaining a yield strain for the workpiece
material, and determining whether the article has at least one
straight bend wherein each straight bend defines a respective
straight bend axis. If the article has at least one straight bend,
the user mputs a straight bend radius and a straight bend
angle for each straight bend, and calculates a straight bend
strain across each respective straight bend axis. This calcu-
lation can be accomplished utilizing a customized strain
correlation for the workpiece material as developed from
strain test data of workpiece samples. The straight bend
strain for each bend can then be compared to the workpiece
yield strain. If the straight bend strain at least equals the
material yield strain, the workpiece can be classified
unsuitable, and an alternative workpiece can be selected. In
this case, the evaluation can be repeated for the alternative
workpiece; however, the same strain correlation can be
utilized 1f the same work piece material 1s selected. If on the
other hand, the straight bend strain is less than the material
yield strain, the workpiece can be classified suitable, pend-
ing the outcome of other workpiece evaluations.

The method also determines whether the article has at
least one stretch flange defining a corner axis and a center-



US 6,522,979 B1

3

line axis. If so, the user inputs a bend angle, a bend radius,
a bend arc length, a flange width, and a contour radius for
cach stretch flange, and calculates a stretch flange corner
strain across the corner axis and a stretch flange bottom
center strain across the centerline axis for each stretch
flange. In the preferred embodiment, this calculation 1is

accomplished utilizing customized strain correlations for the
workpiece material as developed from strain test data of
workpiece samples. The calculated strains are then com-
pared with the workpiece yield strain to determine work-
piece suitability.

The method also calculates a combined stress from mul-
tiple step bends. If multiple steps are present, the method
determines the location of maximum strain for each bend
and adds the strains at each of the locations where a
maximum strain 1s present. The total strain at each of the
respective locations can then be compared to the material
yield strain for determining the suitability of the workpiece
material.

The method of the present invention can also determine
the suitability of a workpiece having a shrink flange defining
a corner axis and a centerline axis. If a shrink flange 1s
present, the user mputs an arc length, a bend radius, a bend
angle, a bend contour radius, a flange width, and a press
forming pressure for each shrink flange, and calculates a
bend strain across the corner axis at the bend line, and a
bottom center strain across-the centerline axis. The strains
can be calculated according to customized strain correlations
developed from strain test data of workpiece samples. The
straight bend strain can then be compared with the material
yield strain and the bottom center strain can be compared
with a material buckle strain for determining suitability of
the workpiece material.

The method of the present invention can also determine
spring back deformation of a workpiece material. Two types
of spring back can be evaluated. First, straight bend spring
back can be determined by mputting a workpiece thickness,
bend angle, bend radius, and press forming pressure, and
calculating the straight bend spring back deformation
according to a customized straight bend spring back corre-
lation developed from testing workpiece samples. Second,
curved bend spring back can be determined by inputting a
workpiece thickness, bend angle, bend radius, contour
radius, and press forming pressure, and calculating the
curved bend spring back deformation according to a cus-
tomized curved bend spring back correlation developed
from testing workpiece samples. The as-formed dimensions
of the workpiece can then be adjusted for the calculated
spring back to determine suitability of the workpiece and the
press forming procedure.

In the above manner, the formability of a workpiece can
be determined based on customized strain correlations
developed for the specific material and the types of bends
that will be formed. In addition, once the correlations are
developed, the correlations can be used to select a workpiece
for other shapes formed from the same material. Thus,
testing does not have to be repeated once the correlations are
developed for a particular material. Moreover, the method
can be used to predict workpiece spring back for designing
the workpiece and the press forming procedures.

BRIEF DESCRIPTION OF THE DRAWINGS

[lustrative and presently preferred embodiments of the
present invention are shown 1n the accompanying drawings
in which:

FIG. 1 1s a flow diagram of a sheet metal forming software
constructed 1n accordance with a preferred embodiment of
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the present mnvention and defining a main menu and tooling
category submenus therein;

FIGS. 2A-2C are flow diagrams of a tooling operation
submenu for sheet metal forming of a straight bend;

FIG. 3 show flow diagrams of the tooling operation
submenu for sheet metal forming of a stretch form;

FIG. 4 show flow diagrams of the tooling operation
submenu for sheet metal forming of a shrink form;

FIG. 5 1s a perspective view of a electro-etching equip-
ment with a power unit, a roller, a stencil and electrolytes;

FIG. 6 1s a perspective view of dies each having a
semi-spherical cavity therein;

FIGS. 7-9 are graphs portraying strain distributions on
the surface of a formed cup at different depths;

FIG. 10 1llustrates a graph of a peak strain versus the
depth of the cup;

FIG. 11 1s a graph portraying a plot of a major strain and
a minor strain used to develop a Forming Limit Diagram

(FLD);

FIG. 12 1s a graph portraying the FLLD for 2024 alumi-
nums 1n different tempers and 304 stainless steels 1n anneal
conditions;

FIG. 13 illustrates a graph of a strain versus a thickness
for the straight bend;

FIG. 14 1llustrates a graph of the strain versus a bend
radius for the straight bend;

FIG. 15 1llustrates a graph of the strain versus a bend
angle for the straight bend;

FIG. 16 1s a perspective view of a stretch forming die;

FIG. 17 1s a perspective view of a stretch flange specimen;

FIG. 18 1s a perspective view of the stretch flange
specimen with a fracture at the bottom center thereof;

FIG. 19 1s a perspective view of the stretch flange
specimen with a fracture at the corner thereof;

FIG. 20 15 a perspective view depicting parameters of the
stretch flange specimen;

FIG. 21A-21D are perspective views of the stretch flange
specimens each having a different arc length;

FIG. 22 1s a perspective view depicting paths of strain
measurements 1n the stretch flange specimen;

FIGS. 23-24 are graphs portraying strain distributions
along a midsection of the stretch flange specimen (Path AB)
as shown 1n FIG. 22;

FIGS. 25-26 are graphs portraying strain distributions
along a bend line of the stretch flange specimen (Path CD)
as shown 1n FIG. 22;

FIG. 27 1llustrates a graph of the a strain at the bottom of
the stretch flange specimen versus the arc length;

FIG. 28 1llustrates a graph of the strain at the bottom of
the stretch flange specimen versus a stretch flange width;

FIG. 29 illustrates a graph of the strain at the bottom of
the stretch flange specimen versus a stretch contour radius;

FIG. 30 illustrates a graph of the strain at the bottom of
the stretch flange specimen versus a stretch bend radius;

FIG. 31 illustrates a graph of the strain at the bottom of
the stretch flange specimen versus a stretch thickness;

FIG. 32 1llustrates a graph of the strain at the corner of the
stretch flange specimen versus the arc length;

FIG. 33 1llustrates a graph of the strain at the corner of the
stretch flange specimen versus the stretch flange width;

FIG. 34 1llustrates a graph of the strain at the corner of the
stretch flange specimen versus the stretch contour radius;
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FIG. 35 1llustrates a graph of the strain at the corner of the
stretch flange specimen versus the stretch bend radius;

FIG. 36 illustrates a graph of the strain at the corner of the
stretch flange specimen versus the stretch thickness;

FIG. 37 1s a perspective view of a shrink forming die and
a shrink flange specimen;

FIG. 38 is a perspective view depicting parameters of the
shrink flange specimen;

FIG. 39 illustrates a graph of a shrink flange width versus
a shrink arc length;

FIG. 40 1illustrates a graph of the shrink flange width
versus a shrink contour radius;

FIG. 41 1illustrates a graph of the shrink flange width
versus a shrink thickness;

FIG. 42 1illustrates a graph of the shrink flange width
VEISuUS a pPress pressure;

FIG. 43 illustrates a graph of a springback of the straight
bend versus the thickness/bend radius (t/B.R.) for 2024-O
aluminums;

FIG. 44 illustrates a log-log plot of the springback of the
straight bend versus the thickness/bend radius (t/B.R.) for
2024-0O aluminums;

FIG. 45 1s a graph portraying the effect of the bend angle
on the springback for 2024-0O aluminums;

FIG. 46 1s a graph portraying the effect of the pressure on
the springback for 2024-13 aluminums; and

FIG. 47 1s a graph portraying the springback of a curved
form for 2024-0 aluminum.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings wherein the showings are
for purposes of 1illustrating preferred embodiments of the
present invention only, and not for purposes of limiting the
same, FIGS. 1-4B are flow diagrams outlining a method for
determining workpiece formability 10. It 1s contemplated
that the computations and decisional steps of the method can
be 1ncorporated within a computer software program,
however, 1t 1s also recognized that these steps can also be
performed manually or semi-manually, such as with a pro-
crammable hand calculator.

Referring now to FIGS. 1, 16, 20, and 38, the method 10
of the present mvention determines the suitability of a
workpiece 12 for forming the shape of a finished product 14.
In particular, the method 10 can be adapted for analyzing
yield failure from individual bends, buckling failure, and
failure resulting from excessive spring back. The method 10
commences with the main menu 16 1n which the user selects
the types of bends that will be formed into the workpiece 12.
The type of bends can be manually input with a key board
or other standard input device (not shown) or the method 10
can be 1ncorporated 1n software such that the bend 1nforma-
fion 1s downloaded directly from other computer aided
design (CAD) programs. In the preferred embodiment, the
user can select straight bends 18, stretch forming (concave)
flanges 20, and/or shrink forming (convex) flanges 22. It is
recognized, of course, that the method 10 can be adapted for
other types of bends and manipulation of the workpiece,
such as for straight bends alone, or for simple stretching of
the workpiece.

The type of bends selected dictates the types of workpiece
failure that will be analyzed. If the workpiece 14 will be
formed with at least one straight bend 18 or at least one
stretch flange 20, the yield strain (e,) of the material will be

10

15

20

25

30

35

40

45

50

55

60

65

6

determined, and an as-formed strain will be calculated at
critical locations on the workpiece 14 as described below. In
this manner, the as-formed strain can be compared with the
yield strain (e,) to determine if the workpiece 14 will yield
when formed into the desired shape. Similarly, 1f the work-
piece 14 will be formed with a shrink flange 22, a maximum
wrinkle stress will be determined and an expected as-formed
stress of the workpiece material will be calculated at critical
locations for comparison with the maximum wrinkle stress.
Determining the Yield Strain For The Workpiece Material

As shown 1n FIGS. 5-12, the strain behavior of a work-
piece material can be determined by incrementally stretch-
ing a planar test specimen 24, and measuring the resulting
strain on the specimen 24. For this test, a grid pattern 26 can
be printed on a surface of the specimen 24 so the distance
between grid lines can be compared before and after stretch-
ing. The grid 26 can be printed by any conventional printing
form such as electrochemical sketching with an Lectrotech
V-45A sketching device. As shown 1 FIGS. § and 6, the
specimen 24 can be sketched with a semi-circular grid 26 for
a semi-spherical stretching test. The grid can comprise two
or more circles 30 having a diameter of about 0.1 inch. It 1s
recognized, of course, that other types of 1n grids can be
printed for other types of strain testing. For example, a
rectangular shaped grid can be useful for measuring strain
when making linear folds 1n the specimen 26.

Once the grid 26 1s sketched, the specimen 24 can be
oradually stretched into a generally semi-spherical shape
until 1t fractures. For this type of strain test, the specimen 24
can be placed on a die 32 having a semi-spherical cavity 34
such that the specimen 24 covers the cavity 34. The sample
can then be pressed into the cavity by a press (not shown) or
similar device having a variably adjustable press pressure.
The press should have a semi-spherical mandrel (not shown)
sized to {ill the cavity 34 so the press mandrel will not
puncture the specimen 24 prior to fracture. The cavity 34 can
also be sized with a diameter of 4 inches. This sizing allows
sufficient stretching to reach the yield strain (e,) of many
commercially available sheet metals. It 1s, of course, recog-
nized that the die cavity 34 and press mandrel can be larger
for thicker or more pliable materials, or smaller for less
ductile or thinner materials.

Once the specimen 24 1s stretched, the radial strain €, and
hoop strain e, can be measured by mspecting the grid 26
with an eyepiece. Calibrated measuring tape can also be
placed adjacent to the grid lines 36 for measuring the strains
¢,, €. 1he uniform thickness strain ¢, can be measured
using a micrometer. The accuracy of the measurements
should be within about 2 percent of the maximum distance
between grid lines, or 0.002 mnches when the circles 30 are
sketched with diameter of 0.1 inch.

Referring now to FIGS. 7-9, the measured strain can be
plotted as a function of penetration depth (h) within the die
cavity 34. The radial distance (r) indicates the distance of the
strain measurement from the pole position 38 of the cavity
34. The experimental values of ¢, and e, shown 1 FIGS.
7-9 are equal, indicating that the surface deformation 1is
1sotropic. The broken lines 40 represent the summation of
the radial (e,), hoop (e,), and uniform thickness (e) strains.
According to the theory of plasticity, the summation of the
three stramns ¢, €,, €, should be zero; however, the measured
strains may deviate slightly from zero summation due to
experimental and measurement error.

Referring again to FIGS. 7-9, the strain distribution of the
test specimen can be fairly uniform across the diameter of
the cavity 34 when the penetration depth 1s relatively
shallow, however, a peak 1n strain becomes evident when the
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penetration depth (h) increases. Eventually, with increasing
penetration depth, the specimen 24 necks to such an extent
that fracture occurs. As shown 1n FIG. 10, peak strain can be
correlated to the uniform, or average strain at small values
of “h”. Thus, fracture can be predicted when the peak strain
exponentially increases relative to the uniform strain, that is,
when the peak strain has a nearly vertical slope when plotted
against the penetration depth.

Referring now to FIGS. 11 and 12, a form limiting
diagram (FLD) can be developed for various workpiece
materials by plotting major strain versus minor strain. The
major and the minor strain may be measured experimentally
from the workpiece 12. Such measurement may be facili-
tated since the thickness 1s at a constant with varying width.
When the major strain and minor strain are presented 1n this
manner, an as-formed strain can be calculated at critical
locations on the workpiece 12 and then superimposed on the
FLLD diagram to determine the success or failure of the
workpiece 12. For instance, when the as-formed strain lies
on or above the parabolic curve of FIG. 11, the workpiece 12
can be classified unsuitable due to the likelihood of fracture.
Straight Bending Strain

Referring to FIG. 16, straight bends can be classified as
non-curved folds defining a longitudinal bend straight bend
axis a—a, a bend angle (&), and a bend radius (BR). For
these bends, failure 1s most likely to occur along the bend
axis a—a. As such, the expected strain can be calculated
along the bend axis a—a 1n the middle of the workpiece
thickness according the following straight bend correlation:

(D

where (e,,) is the straight bend strain along the bend axis,
(K) 1s a strain constant for the material, (t) is the workpiece
thickness, (a) 1s a thickness constant, (BR) is the straight
bend radius, (b) is a straight bend radius constant, (&) is the
straight bend angle, and (c) is a straight bend angle constant.
The material thickness (t), bend radius (BR), and bend angle
(&) can be input by the user or downloaded as part of the
standard output from a standard CAD software program.

The constants (a), (b), and (c) are determined by strain
testing samples of the material. For example, the constant (a)
can be obtained by bending samples having unequal thick-
ness (t) to substantially equivalent respective bend angles
(&) and bend radii (BR). The resulting strain of the samples
1s then measured across the bend axis a—a. The measured
strain 1s next plotted on a log-log scale as a function of
thickness to develop a first logarithmic correlation wherein
the constant (a) corresponds to a slope characteristic of the
logarithmic correlation. An example 1s shown 1n FIG. 13 1n
which the constant (a) is 0.8/1.0=0.8.

Similarly, the constant (b) can be obtained by bending
samples having the same thickness (t) into equivalent bend
angles (&) but different bend radii (BR). The measured
strain across the bend axis a—a for each sample can then be
used to develop a second logarithmic correlation of strain
relative to bend radii (BR) wherein the constant (b) corre-
sponds to a slope characteristic of the second logarithmic
correlation. An example 1s shown 1n FIG. 14 wherein the
constant (b) is —1.0/1.0=-1.0.

Likewise, the constant (c) can be obtained by bending
samples having equivalent thickness (t) to respective

unequal bend angles (&) having equivalent bend radii (BR).
The measured strain across the bend axis a—a for each
sample can then be used to develop a third logarithmic
correlation of strain relative to bend angle wherein the
constant (c) corresponds to a slope characteristic of the third
logarithmic correlation. An example 1s shown 1n FIG. 15

e5=K(0)*(BR)"(©)".
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wherein the constant (c) 1s 1.0/.1.0=1.0 for bend angles less
than 80 degrees and O for bend-angles greater than 80
degrees.

The constant K may be determined by experiment based
on the equation (I). More specifically, the values of “a”, “b”
and “c” may be calculated using FIGS. 14-16. Thereafter,
the value of K may be calculated using the experimental
data. For instance, the thickness (t) and the bend radii (BR)
may be maintained as constants with varying bend angle (&)
until the workpiece 12 reaches fracture. By measuring the
critical strain at the fracture point and substituting in equa-
tion (I) fore_,, t, BR and &, the value of k may be calculated.
Thus, the value of K may be based not on a single test value,
but on a best-fit method for series of tests. Therefore, this
calculation of the constant K may produce the following

values for the materials 2024 aluminum and 304 stainless
steel 304

Material/Condition k
304 annealed 2.0
304 1/4 hard 2.0
304 1/2 hard 3.0
304 full hard 6.0
2024-0 2.0
2024-AQ 2.0
2024-T4 4.0
2024-T3 4.0

Thus, for the material described 1n FIGS. 13—135, equation
(I) can be written as:

e ,=0.22(1)"%(BR)'(BA), for BA less than 80 degrees; and

e ,=—0.0022(7)"-°(BR), for BA greater or equal to 80 degrees

With the constants K, a, b, and ¢ determined, the strain
(e.,) can be calculated across the straight bend axis a—a
according to the straight bend correlation (I). The resulting
value can then be compared with the material yield strain
(¢,) as indicated by the FLD diagram. In this manner, the
workpiece can be classified as potentially suitable if the
straight bend strain 1s less than the material yield strain. In
contrast, if the straight bend strain (e, ) is greater than the
material yield strain (e¢,), the workpiece can be classified
unsuitable, and an alternative workpiece can be selected and
evaluated according to the same process. The testing process
however, does not have to be repeated 1f the same workpiece
material 1s selected.

Stretch Flange Strain

Referring to FIGS. 17 and 20, a stretch flange can be
characterized as forming a concave bend 50 and flange 54 in
a workpiece 52. The stretch flange can be defined by an arc
length (u), a bend angle (&), a bend radius (BR), a contour
radius (CR), and a flange width (FW). As shown in FIGS.
18, 19, and 22, two critical strain locations are expected for
a stretch flange. The first 1s along the corner of the flange 54
as indicated by the dashed line E-C-D, with failure normally
initiating at the ends 56 of the workpiece 52 and propagating
towards the flange centerline B-C. The second 1s across the
flange centerline B-C, with failure: typically starting at the
bottom center of the flange 54 and propagating along line
B-C. The major and minor strains should be calculated at
cach of these locations to evaluate the potential for work-
piece failure. As a result, two families of strain correlations
are developed to predict a corner strain (e,_;) and centerline




US 6,522,979 B1

9

strain (e,.). These correlations can be derived from the
following relation:

e=K(u)"(FW)*(CR)(BR)*(1)"

where ¢ 1s the major or minor strain across the axis E-C-D
and across the centerline B-c. As with the straight bend
correlation, the constants a, b, ¢, d, € are determined by strain
testing samples of the workpiece material; however, as
explained below, one group of tests 1s performed to develop
the exponent constants for the major and minor strains along
the axis E-C-D, and another group of tests 1s performed to
develop the exponent constants for the major,and minor
strains across the axis B-C.

First, to establish a correlation for the corner strain e¢__,
a uniform strain can be assumed along the bottom edge of
the flange. The major and minor strain constants for (a) are
then obtained by arcuately bending a workpiece material
samples having substantially equal thickness (t) into respec-
tive concave arcuate shapes having unequal arc lengths (u)

and substantially equivalent flange widths (FW), contour
radii (CR), and bend radii (BR). The major and minor strain

1s then measured along the bend corner as defined by the line
E-C-B of FIG. 22. The major strain and minor strain are next
plotted on a log-log scale as a function of arc length to
develop logarithmic correlations of major strain and minor
strain as a function of arc length (u) wherein the constant (a)
corresponds to a slope characteristic of the correlations. An
example of this process 1s shown 1n FIG. 32 where the major
strain constant for (a) is 1.1/1=1, and the minor strain
constant for (a) is 0.6/1.0=0.6.

Likewise, the major and minor strain constants for (b) are
obtained by arcuately bending workpiece material samples
having substantially equal thickness (t) into respective con-
cave arcuate shapes having unequal flange widths (FW) and
substantially equivalent arc lengths (u), contour radii (CR),
and bend radii (BR). The major and minor strain values are
then measured across the axis E-C-D to develop logarithmic
correlations of major and minor strain as a function of flange
width (FW) wherein the constant (b) corresponds to a slope
characteristic of the correlations. An example of this process
1s shown 1n FIG. 33 1n which the major strain constant for
(b) is 1.2/1.0=1.2 and the minor strain constant for (b) is
0.6/1.0=0.6.

Similarly, the major and minor strain constants for (c) are
obtained by arcuately bending workpiece samples having
substantially equal thickness (t) into respective concave
arcuate shapes having unequal contour radii (CR) and sub-
stantially equivalent flange widths (FW), arc lengths (u), and
bend radii (BR). The major and minor strain values are then
measured across the axis E-C-D to develop logarithmic
correlations of major and minor corner strain as a function
of contour radii (CR) wherein the constant (c) corresponds
to a slope characteristic of the correlations. As an example,
FIG. 34 shows a value of —0.8/1.0=-0.8 for the major strain
constant and -0.15/1.0=-0.15 for the minor strain constant.

In the same manner, the major and minor strains constants
(d) 1s obtained by arcuately bending workpiece samples
having substantially equal thickness (t) into respective con-
cave arcuate shapes having unequal bend radii (BR) and
substantially equivalent arc lengths (u), contour radii (CR),
and flange widths (FW). The major and minor strain values
are then measured and used to develop logarithmic corre-
lations of major and minor strain as a function of bend radius
(BR) wherein the constant (d) corresponds to a slope char-
acteristic of the correlations. An example 1s shown 1n FIG.
35 wherein the major strain constant for (d) is =0.8/1.0=-0.8
and the minor strain constant for (d) 1s —-0.4/1.0=-0.4.
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Similarly, the major and minor strain constants for (¢) are
obtained by arcuately bending workpiece samples having
unequal thickness (t) into respective concave arcuate shapes
having substantially equivalent flange widths (FW), contour
radii (CR), arc lengths (u), and bend radii (BR). The major
and minor strain values are then measured across the axis
E-C-D for developing logarithmic correlations of major and
minor strain as a function of material thickness (t) wherein
the constant (e) corresponds to a slope characteristic of the
correlations. An example 1s shown 1n FIG. 36 wherein the
major strain constant for (e) is 0.6/1.0=0.6, and the minor
strain constant for (¢) 1s 0.

The effect of flange width (FW) and bend angle (&) on
major and minor strain can be simplified according to the
following relation:

W=FW]1-cos(©) ] (IV)

where W 1s an effective flange width. For bend angles
greater than 90 degrees, the bend angle (&) can be assumed
equal to 90 degrees. As such, the constant (K) may be
determined experimentally. More specifically, the values of
“a”’, “b”, “c”, “d” and “¢” are calculated using FIGS. 32-36.
Thereafter, an experiment may be performed and the strain
at the onset of the faillure may be determined. By substituting
the value of “a”, “b”, “c”, “d”, “e”, U, FW, CR, BR, t and
strain (¢), the value of K may be calculated via the equation:

e=K(U)*(FW)*(CR)Y(BRY(1)°

Thus, with the values for a, b, c, d, e, and K determined,
the correlations for the major strain (€,.,,4/.,) and minor
strain (e across the axis E-C-D can be written as:

(ID)

(I1D)

Ec:d:,minc}r)
€ c,major=0-15 (W) *(FW)*(CR)“(BR)*()°

e =—0.13(x)“(FW)?(CR)“(BR)*()°

C IR OF

For the sample material shown in FIGS. 32-36, these
relations reduce to:

e =U.15(u,)l'1(FW)1-2(CR)—D-B(BR)-:1'(I)D.5

C. A or

e =—0.13(e)*-°(FW)"°(CR)""">(BR)™"*

C,FHIFLOF

The major and minor strain correlations across the flange
centerline B-C are developed 1n similar fashion. Specifically,
the major and minor strain constants for (a) are obtained by
arcuately bending workpiece samples having substantially
equal thickness (t) into respective concave arcuate shapes
having unequal arc lengths (u) and substantially equivalent
flange widths (FW), contour radii (CR), and bend radii (BR).
The major and minor strain 1s then measured across the
flange centerline B-C and the values are used to develop
logarithmic correlations of major strain and minor strain to
arc length (u) wherein the constant (a) corresponds to a slope
characteristic of the correlations. An example of this process
is shown in FIG. 27 where the major strain constant for (a)
is 0.3/1=0.3 and the minor strain constant for (a) is 0.4/1=
0.4.

Likewise, the major and minor strain constants for (b) are
obtained by arcuately bending workpiece material samples
having substantially equal thickness (t) into respective con-
cave arcuate shapes having unequal flange widths (FW) and
substantially equivalent arc lengths (u), contour radii (CR);
and bend radii (BR). The major and minor strain values are
then measured across the flange centerline B-C for devel-
oping logarithmic correlations of major and minor strain as
a function of flange width (FW) wherein the constant (b)
corresponds to a slope characteristic of the correlations. An
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example of this process 1s shown 1n FIG. 28 1n which the
major strain constant for (b) is 0.5/1.0=0.5 and the minor
strain constant for (b) is 0.6/1.0=0.6.

Similarly, the major and minor strain constants for © are
obtained by arcuately bending workpiece samples having
substantially equal thickness (t) into respective concave
arcuate shapes having unequal contour radii (CR) and sub-
stantially equivalent flange widths (FW), arc lengths (u), and
bend radii (BR). The major and minor strain values are then
measured across the flange centerline B-C for developing
logarithmic correlations of major and minor strain as a
function of contour radius (CR) wherein the constant ©
corresponds to a slope characteristic of the correlations. As
an example. FIG. 29 shows a value of -0.8/1.0=-0.8 for the
major strain constant and —0.9/1.0=-0.9 for the minor strain
constant.

In the same manner, the major and minor strains constants
(d) 1s obtained by arcuately bending workpiece samples
having substantially equal thickness (t) into respective con-
cave arcuate shapes having unequal bend radii (BR) and
substantially equivalent arc lengths (u), contour radii (CR),
and flange widths (FW). Major and minor strain is then
measured across the axis B-C for developing logarithmic
correlations of major and minor strain as a function of bend
radius (BR) wherein the constant (d) corresponds to a slope
characteristic of the correlations. An example 1s shown 1n
FIG. 30 wherein the major strain constant for (d) is O and the
minor strain constant for (d) is 0. Thus, the major and minor
strain are determined to be independent of bend radius (BR).

Similarly, the major and minor strain constants for (e) are
obtained by arcuately bending workpiece samples having
unequal thickness (t) into respective concave arcuate shapes
having substantially equivalent flange widths (FW), contour

radii (CR), arc lengths (u), and bend radii (BR). Major and
minor strain 1s then measured across the axis B-C for
developing logarithmic correlations of major and minor
strain as a function of material thickness (t) wherein the
constant (e¢) corresponds to a slope characteristic of the
correlations. An example 1s shown 1n FIG. 31 wherein the
major strain constant for (e¢) 1s 0 and the minor strain
constant for (¢) 1s 0. As such, the major and minor strain are
determined to be independent of the workpiece thickness (t).

As above, the effect of flange width (FW) and bend angle
(&) on major and minor strain can be restated according to
the following relation:

W=FW]1-cos(O)]; (IV)

where W 1s an effective flange width. For bend angles
greater than 90 degrees, the bend angle (&) can be assumed
equal to 90 degrees. As such, the constant (K) may be
determined experimentally via the similar procedure dis-
closed above. Thus, with the constants a, b, ¢, d, e, and K
determined, the major and minor strain correlations for the
midspan of the flange can be rewritten 1n the form:

—0.39(u)*(FW)?(CR)° (V)

(VD)

€

m.major

e =—0.16(z)*(FW)"(CR)“(BR)* ()

IR0

As an example, the strain correlations for the sample
material of FIGS. 27-31 can be written as:

=0.39(u)*(FW)°>(CR)**

Eb,majar

=—0.16(x)**(FW)°-5(CR)2°

Eb,minﬂr

Thus, once the constants (a), (b), (c), (d), (¢), (f), and (K)
arc determined, the major and minor corner strains
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(Cccamajor)s (Cecaminor) and major and minor centerline
Strains (€4 uai0r) (Cpeminos) are calculated by inputting the
proposed bend angle (&), bend radius (BR), contour radius
(CR), flange width (FW), thickness (t) and arc length (u) into
equations II-VI. When the method 10 1s incorporated within
a software program, the input parameters for the strain
correlations can be input manually, such as with a keyboard,
or downloaded from a standard CAD program. The calcu-
lated SIFAINS (€,0.1, 070 )s (Coccminer)s (Coomagur)s (Conminor) ATE
then compared with the material yield strain (¢,) from the
FLLD diagram to determine suitability of the workpiece
material. If the calculated strains are less than the yield strain
(¢,), the workpiece 52 can be classified as suitable or
potentially suitable 1f other bend types or spring back will be
analyzed. On the other hand, when the calculated strains are
greater or equal to the yield strain (e,), the workpiece can be
classified as unsuitable and an alternative workpiece can be
selected. As with the straight bend correlations, the same
strain  correlations for (€...maior)s (Cccdminor)s (€vermajor);
(€peminor) €an be re-utilized for the alternative workpiece so
long as the workpiece material 1s the same. Thus, testing
does not have to be repeated 1f the same material 1s selected.
In addition, if the shape of the finished product 1s modified
in the future, the same strain correlations can be used to
evaluate workpiece suitability as long as the same material
1s utilized.

Shrink Flange Strain

Referring to FIGS. 37 and 38, a shrink flange can be
characterized as forming a convex bend 60 and flange 66 1n
a workpiece 62. Two types of workpiece failure are typical
for a shrink flange. First, the workpiece 62 can develop a
fracture (F) along the bend line 64 when the bend radius
(BR) is smaller than the critical bend radius for a straight
bend. Second, the workpiece can develop a longitudinal
buckle (B) across the workpiece flange 66.

The straight bend strain correlation (I) can be used to
calculate an expected bend strain (¢,,) for comparison with
the material yield strain (¢,). As described above with
respect to straight bends, the workpiece 62 can be classified
as unsuitable, and an alternative workpiece can be selected,
if the expected straight bend strain (e,,) 1s greater or equal
to the material yield strain (e,). However, if the expected
straight bend strain (e_,) is less than the material yield strain
(¢,), then the workpiece 62 can also be checked for a
buckling type failure.

Buckling is a function of the pressure (P) applied by the
forming press, the workpiece stiffness, and the final
as-formed shape of the workpiece. Buckling typically 1ni-
fiates at the bottom, center of the workpiece flange 66, and
ogenerally occurs before the workpiece 62 fractures. As such,
the tendency to buckle can be determined by comparing the
expected strain at the bottom, center of the flange (¢,.) with
the buckle strain (¢,) for the material, that is, the maximum
compressive strain of the workpiece material before 1t
buckles.

The expected bottom center strain (¢, ) can be expressed
as a function of the flange width (FW), contour radius (CR),
arc length (u), bend angle (&), material thickness (t), and
press pressure (P) according to the following relations:

ep=K () (FW)’(CR)* ()" (PY:
W(effective flange width)=FW]1-cos(©)];

(VID)

(VIID)

where W is an effective flange width and (&) can be

assumed equal to 90 degrees when the bend angle 1s greater
than 90 degrees. The (K) is a shrink flange constant for the
material, (a) is an arc length constant, (b) is a flange width
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and bend angle constant, (c) is a contour radius constant, (d)
is a thickness constant, and (f) is a pressure constant.

The tendency for the workpiece 62 to buckle can be
determined by comparing the buckle strain (¢,) to the
expected bottom center strain (¢,.). Specifically, successful
formation of a shrink flange can be indicated when the
following 1nequality 1s satisfied:

e, >Ku) (FW)E (CRY ()% (P)
The inequality can also be rewritten in the forms:
(€)' P>K () P EW)(CR)™ (0 (PY*
Or
k> WL ()" (CRY" (1) (P)']

where k=K’(e)'™?; m=b-a; n=b-c; s=b—d; v=b-f

The constants (a), (b), (¢), (d), and (f) may be obtained
experimentally by utilizing the similar process as described
above. Moreover, the constants (m), (n), (s), and (v) can also
be obtained experimentally, as will be described below. For
example, the constant (m) can be determined by shrink
forming workpiece samples while holding the press pressure
(P), arc length (u), contour radius (CR), bend angle (&) and
thickness (t) constant, and increasing the flange width (FW)
of the samples until buckling 1s observed. The maximum, or
critical effective flange width (W) 1s then plotted on a
log-log scale versus arc length. This process 1s repeated for
samples having different respective arc lengths (u), and the
constant (m) corresponds to the slope of the resulting
logarithmic curve. An example 1s shown by example 1n FIG.
39, wherein the constant (m) is —1.1/1.0=-1.1.

Likewise, the constant (n) can be determined by shrink
forming workpiece samples while holding the press pressure
(P), arc length (u), contour radius (CR), bend angle (&) and
thickness (t) constant, and increasing the flange width (FW)
until buckling i1s observed. This procedure 1s the same as
described for the constant (m), and does not have to be
repeated. The maximum effective flange width (W) is then
plotted on a log-log scale versus arc length. This process 1s
repeated for samples having different respective contour
radius (CR), and the constant (n) corresponds to the slope of
the resulting logarithmic curve. An example 1s shown by
example in FIG. 40, wherein the constant (n) 1s 0.55/1.0=
0.55.

Similarly, the constant (s) can be determined by shrink
forming workpiece samples while holding the press pressure
(P), arc length (u), contour radius (CR), bend angle (&) and
thickness (t) constant, and increasing the flange width (FW)
until buckling i1s observed. This procedure 1s the same as
described for (m) and (n), and does not have to be repeated.
The maximum effective flange width (W) is then plotted on
a log-log scale versus arc length. The process 1s repeated for
samples having different respective thicknesses (t), and the
constant (s) corresponds to the slope of the resulting loga-
rithmic curve. An example 1s shown 1n FIG. 41, wherein the
constant (s) is also 55/1.0=0.55.

In the same fashion, the constant (v) can be determined by
shrink forming workpiece samples while holding the press
pressure (P), arc length (u), contour radius (CR), bend angle
(&) and thickness (t) constant, and increasing the flange
width (FW) until buckling is observed. This procedure is the
same as described for (m), (n), and (s) and does not have to
be repeated. The maximum effective flange width (W) is
then plotted on a log-log scale versus arc length. The process
is repeated for with different press pressures (P), and the
constant (v) corresponds to the slope of the resulting loga-

(X)

10

15

20

25

30

35

40

45

50

55

60

65

14

rithmic curve. An example 1s shown 1n FIG. 42, wheren the
constant (v) 1s 0.11/1.0=0.11. Thus, for the material

described m FIGS. 3942, equation (V) reduces to:
k}W(H)l'I(CR)_55(I)_D'55(P)_11

In addition, the constant (k) may be determined experi-
mentally. More specifically, after obtaining the values of
“m”, “n”, “s” and “v” and substituting such values along
with other obtained values, the values of (k) may be calcu-
lated via the equation above. However, it should be noted

that the value of (k) may vary slightly for each workpiece 52.
In such cases, the plot of the best fit line, or the average
value, may be utilized for the value of (k). The values of k
for some materials are shown in Table 2:

TABLE 2
Material/Temper k
2024-0 3.9
2024-T4 2.1
2024-T3 1.8
2024-AQ 2.4
304 annealed 2.0

Referring now to FIGS. 4 and 4A, once the constants m,
n, s, and v are determined, the expected bottom center shrink
form strain (e, ) can be calculated by inputting a flange
width (FW), bend angle (&), arc length (u), contour radius
(CR), and thickness (t) into equations (VIII) and (IX). The
resulting strain value (e,_.) can be then be compared with the
constant (k) to evaluate the formability of the workpiece 62.
Specifically, if the strain (¢,_) 1s greater than or equal to the
constant (k), then an alternative workpiece can be selected
and evaluated according to the same process. The material
testing does not have to be repeated however, nor do the
constants (m), (n), (s), (v), and (k) have to be re-calculated,
if the same workpiece material 1s selected as an alternative.
If instead, the strain (e,.) is less than the constant (k), and the
bend strain (e,,) 1s less than the material yield strain (¢,) than
the workpiece can be tentatively classified as suitable pend-
ing the analysis of other bends 1n the workpiece.

Spring Back Deformation

The method of the present invention can also include a
procedure for calculating the spring back deformation of the
as-formed part. Spring back deformation 1s the counter
reaction of the workpiece and 1ts tendency to expand, or
spring back, into an intermediate shape after press forming.
In some cases, spring back deformation can cause the
workpiece to deviate significantly from the intended shape
and dimensions of the finished product. Thus, to compensate
for this effect, the extent of spring back deformation can be
calculated so that adjustments can be made in the press
forming process to achieve the desired product shape.

The spring back analysis of the present invention encom-
passes two types of spring back deformation. The first type
of spring back reaction (s,) is caused by straight bends and
can be expressed as a function of the material thickness (t),
the bend radius (BR), bend angle (&), and press forming
pressure (P). The second type of spring back reaction (s_;) 1s
caused by curved flanges and can be expressed as a function
of the material thickness (t), the bend radius (BR), bend
angle (&), contour radius (CR), and press forming pressure
(P). These functions can be written in the general form:

s=k,()*(BR)*(©)(P)"
Seo=K>(t)" (BR)" ()" (CR)*(P)"

where (a) and (m) are thickness constants, (b) and (n) are
bend radius constants, (c) and (r) are bend angle constants,

(X)
(XD)
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(s) 1s a contour radius constant, (d) and (v) are press forming
pressure constants, and (k,) and (k,) are material constants.

More specifically, the values of the (a), (b), (c), (d), (m),
(n), (r), (s) and (v) may be determined from tests by setting
one parameter as variable and the rest as constants. For

instance, in order to determine (a), the BR, © and P may be
set as constants and use different t for the test.

For equations (X) and (XI), the effect of thickness (t) and
bend radius (BR) can be expressed as a single independent
variable having a single exponent constant according to the
following relations:

s=k [ (BR/(D=(©)(Py (XID)

Seo=ko (BR)/(O]"™(©) (CRY'(P)" (XIID)

The constants (b/a) and (n/m) can be determined by
forming a straight or curved bend 1n respective workpiece
samples with the same press forming pressure (P) and
having the same bend angle (&) but varying ratios of bend
radius to thickness (t)/(BR). The angle of spring back is then
measured and plotted on log-log scale versus the ratio
(t)/(BR) wherein the constant (b/a) and (n/m) correspond to
the slope of the curve. An example 1s shown 1 FIG. 44 1n
which (b/a) and (n/m) are —1.0/1.0=-1.0.

Likewise, the constants © and (r) can be determined by
forming a straight or curved bend 1n respective workpiece
samples with the same press forming pressure (P) and
having the same thickness (t) and bend radii (BR) but
different bend angles (&). The angle of spring back is then
measured and plotted on log-log scale versus (&) wherein
the constants <(5 and (r) correspond to the slope of the curve.
An example is shown in FIG. 45 in which the constants (C)
and (r) are 0.35/1.0=0.35.

Similarly, the constants (d) and (v) are determined by
forming straight or curved bends 1n workpiece samples with
different press forming pressures (P) and having the same
thickness (t), bend angle (&), and bend radii (BR). The angle
of spring back 1s then measured and plotted on a log-log
scale as a function of press forming pressure (P). An
example 1s shown in FIG. 46 in which the constants (d) and
(v) are —0.4/1.0=-04.

In like fashion, the constant (s) can be determined by
forming a bend in respective workpiece samples with the
same press forming pressure (P) and having the same
thickness (t), bend radii (BR), and bend angles (&), but
different contour radii (CR). The angle of spring back 1s then
measured and plotted on log-log scale versus (CR) wherein
the constant (s) corresponds to the slope of the curve. An
example is shown in FIG. 47 in which the constant (s) is
0.35/1.0=0.35.

The constant k, 1s primarily utilized for the formation ot
the straight bend, whereas the constant k, 1s used for the
formation of the curved bend. Similar tests may be per-
formed to calculate the values of k, and k,. The constants k,
and k, are determined by a curve fitting function for the data
such that the test data from FIG. 43 (?) falls within(1
standard deviation of the plotted curve?). Thus, for the
material described in FIGS. 43-46, cquations (XII) and

(XIII) can be rewritten as:

ss=k[(BR)/(D)(©)>(P)™
se=k BR)/(D)(E)* (CR)™*>(P)™™

where (k) and (k,) are determined as described above. The
values of k, and k, for selected materials are shown 1n Table

3:
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TABLE 3

Values of “k,” and “k,”

Material/Temper k, k,
2024-0 7.4 1.81
2024-T4 13.9 3.4
2024-T3 15.9 3.8
2024-AQ 12.0 2.9
304-Anneal 11.7 2.8

Referring now to FIG. 4B, once the constants (b/a), (n/m),
(c), (d), (s), (v), (k;), and (k,) are determined, the spring
back for a straight bend (s.) can be calculated by inputting
press forming pressure (P), bend angle (&), thickness (1),

and bend radius (BR) into equation (XII), and the spring
back for a curved bend (s_,) can be calculated by inputting
(P), (©), (1), (BR), and the curved bend contour radius (CR)
into equation (XIII). The as-formed dimensions of the
workpiece can then be adjusted according to the angular
spring back calculated from equations (XII) and (XIII). If
the resulting dimensions of the workpiece are unacceptable,
the workpiece can be classified as unsuitable, and an alter-
native workpiece material can be selected for evaluation
according to the same process. The material testing does not
have to be repeated however, nor do the constants (b/a),
(n/m), (c), (d), (s), (v), (k,), and (k,) have to be re-calculated,
if the alternative workpiece 1s the same material. If instead,
the resulting dimensions of the workpiece are acceptable, the
workpiece can be classified as suitable.

Thus, while 1t 1s recognized that an 1illustrative and
preferred embodiment has been described herein, 1t 1s like-
wise to be understood that the mmventive concepts may be
otherwise embodied and employed and that the appended
claims are intended to be construed to 1nclude such varia-
tions except insofar as limited by the prior art.

What 1s claimed 1s:

1. A method for selecting a suitable workpiece having a
material composition and a thickness for forming an article,
the method comprising the steps of:

a) selecting a workpiece;
b) obtaining a yield strain for the workpiece material;

c¢) determining whether the article has at least one straight
bend wherein each straight bend defines a respective
straight bend axis;

d) inputting a straight bend radius and a straight bend
angle for each straight bend, and calculating a straight
bend strain across each respective straight bend axis in
response to a determination that the article has at least
one straight bend;

¢) comparing the respective straight bend strains to the
workpiece yield strain in response to calculating at least
one straight bend strain;

f) classifying the workpiece unsuitable, selecting an alter-
native workpiece, and returning to step (b) in response
to at least one straight bend strain being at least equal
to the workpiece yield strain;

¢) determining whether the article has at least one stretch
flange defining a corner axis and a centerline axis;

h) inputting a bend radius, a bend arc length, a flange
width, a material thickness and a contour radius for
cach stretch flange, and calculating a stretch flange
corner strain across the corner axis and a stretch flange
bottom center strain across the centerline axis for each
stretch flange 1n response to a determination that the
article has at least one stretch flange;




US 6,522,979 B1

17

1) comparing the respective stretch flange corner strain
and the stretch flange bottom center strain to the
workpiece yield strain 1n response to calculating at least
one stretch flange strain;

1) classifying the workpiece unsuitable, selecting an alter-
native workpiece and returning to step (b) in response
to either the stretch flange corner strain or the stretch
flange bottom center strain being at least equal to the
yield strain; and

k) classifying the material suitable 1n response to each
respective calculated strain being less than the material
yield strain.

2. The method of claim 1 wherein the step of calculating
the straight bend strain includes measuring strain on a
plurality of workpiece samples formed with straight bends,
utilizing the measured strain values to develop an empirical
correlation of straight bend strain as a function of bend
angle, bend radius, and material thickness, and calculating a
straight bend strain according to the empirical correlation.

3. The method of claim 2 wherein the straight bend strain
(e,,) 1s calculated according to the empirical strain correla-
tion:

e,,=K(D)*(BR)"(BA)",

where (K) is a straight bend constant for the material, (t) 1s
the workpiece thickness, (a) is a strain thickness constant,
(BR) is the straight bend radius, (b) is a straight bend radius
constant, (BA) is the straight bend angle, and (c) is a straight
bend angle constant.

4. The method of claim 3 wherein the constant (a) is
obtained by bending the plurality of workpiece samples
having unequal thicknesses to substantially equivalent
respective bend angles and bend radii, measuring respective
strain values of the bent samples, and developing a first
logarithmic correlation of thickness relative to strain
wherein the constant (a) corresponds to a slope characteristic
of the first logarithmic correlation, the constant (b) is
obtained by bending the plurality of workpiece material
samples having substantially equivalent thicknesses to
respective substantially equivalent bend angles having
unequal bend radii, measuring respective strain values for
the bent samples, and developing a second logarithmic
correlation of bend radu relative to strain wherein the
constant (b) corresponds to a slope characteristic of the
second logarithmic correlation, the constant (c¢) 1s obtained
by bending the plurality of workpiece material samples
having substantially equivalent thicknesses to respective
unequal bend angles having substantially equivalent respec-
five bend radii, measuring respective strain values for the
bent samples, and developing a third logarithmic correlation
of bend angle relative to strain wherein the constant (c)
corresponds to a slope characteristic of the third logarithmic
correlation, and the constant K corresponds to the calcula-
fion according to the empirical strain correlation based on
the obtained constants (a), (b) and (C) and experimentally
obtained ¢, t, BR and BA.

5. The method of claim 4 wherein the value of e, 1s
experimentally obtained by maintaining the t and BR as the
BA varies until the workpiece samples fracture, and incor-
porating the values of e_,, t, BR and BA at the fracture to the
empirical strain correlation to determine the constant K.

6. The method of claim 1 wherein the step of calculating
the stretch flange strain includes measuring strain on a
plurality of workpiece samples formed with a stretch flange,
utilizing the measured strain values to develop empirical
correlations of stretch flange corner strain and stretch flange
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bottom center strain as a function of arc length, flange width,
contour radius, bend radius, and material thickness, and
calculating stretch flange corner strain and stretch flange
bottom center strain according to the empirical correlations.

7. The method of claim 6 wherein the bottom center
stretch flange strain and stretch flange bottom centerline
strain are calculated according to the empirical correlation:

e=K(u)“(FW)?(CR)°(BR)“(1)",

wherein (K) is a stretch flange constant for the workpiece
material, (u) 1s the concave bend arc length, (FW) is the
article flange width, (CR) 1s the article contour radius, (BR)
is the concave bend radius, (t) is the workpiece material
thickness, (a) is an arc length constant for the workpiece
material, (b) 1s a flange width constant for the workpiece
material, (c) is a contour radius constant for the workpiece
material, (d) is a bend radius constant for the workpiece
material, and (¢) 1s a thickness constant for the workpiece
material.

8. The method of claim 7 wherein the constant (a) is
obtained by arcuately bending the plurality of workpiece
samples having substantially equal thicknesses into respec-
tive concave arcuate shapes having unequal arc lengths and
substantially equivalent flange widths, contour radii, and
bend radii, measuring respective strain values of the bent
samples, and developing a first logarithmic correlation of arc
length to strain wherein the constant (a) corresponds to a
slope characteristic of the first correlation.

9. The method of claim 7 wherein the constant (b) is
obtained by arcuate bending the plurality of workpiece
material samples having substantially equal thicknesses nto
respective concave arcuate shapes having unequal flange
widths and substantially equivalent arc lengths, contour
radi1, and bend radii, measuring respective strain values of
the bent samples, and developing a second logarithmic
correlation of flange width to strain wherein the constant (b)
corresponds to a slope characteristic of the second correla-
tion.

10. The method of claim 7 wherein the constant (c) is
obtained by arcuately bending the plurality of workpiece
material samples having substantially equal thicknesses 1nto
respective concave arcuate shapes having unequal contour
radi and substantially equivalent flange widths, arc lengths,
and bend radu, measuring respective strain values of the
bent samples, and developing a third logarithmic correlation
of contour radius to strain wherein the constant (C) corre-
sponds to a slope characteristic of the third correlation.

11. The method of claim 7 wherein the constant (d) is
obtained by arcuately bending the plurality of workpiece
material samples having substantially equal thicknesses into
respective concave arcuate shapes having unequal bend radu
and substantially equivalent arc lengths, contour radii, and
flange width, measuring respective strain values of the bent
samples, and developing a fourth logarithmic correlation of
bend radius to strain wherein the constant (d) corresponds to
a slope characteristic of the fourth correlation.

12. The method of claim 7 wherein the constant (€) is
obtained by arcuately bending the plurality of workpiece
material samples having unequal thicknesses 1nto respective
concave arcuate shapes having substantially equivalent
flange widths, contour radii, arc lengths, and bend rad,
measuring respective strain values of the bent samples, and
developing a fifth logarithmic correlation of material thick-
ness to strain wherein the constant (e) corresponds to a slope
characteristic of the fifth correlation.

13. The method of claim 7 wherein the stretch flange
constant (K) corresponds to the calculation according to the
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empirical correlation based on the obtained constants (a),
(b), (¢), (d) and (e) and experimentally obtained e, t, u, FW,
CR and BR.

14. The method of claim 13 wherein the value of ¢ 1s
experimentally obtained by maintaining the t, u, FW, CR,
BR as the workpiece material samples bend to an onset of
failure, and 1ncorporating the values of e, t, u, FW, CR and
BR at the onset of failure to the empirical correlation to
determine the constant K.

15. The method of claim 1 wherein the workpiece yield
strain 1s obtained by semi-spherically stretching a workpiece
sample formed of the same material as the workpiece until
the material fractures and measuring the yield strain.

16. The method of claim 1 comprises the additional steps

of:

1) determining whether the article has at least one shrink
flange defining a corner axis and a centerline axis;

m) inputting an arc length, a bend radius, a bend contour
radius, a flange width, and a press forming pressure for
cach shrink flange 1n response to a determination that
the article has at least one shrink flange;

n) calculating a straight bend strain (¢, ) across the corner
axis and a bottom center strain (e,,) across the center-
line axis;

0) comparing the straight bend strain to the material yield
strain and comparing the bottom center strain to a
minimum buckle strain (e,) for the material;

p) classifying the workpiece unsuitable, selecting an alter-
native workpiece, and returning to step (b) in response
to a determination that the straight bend strain at least
equals the material yield strain or the bottom center
strain at least equals the material buckle strain; and

q) classifying the workpiece suitable in response to a
determination that the buckle strain exceeds the bottom
center strain and the material yield strain exceeds the
straight bend strain.

17. The method of claim 16 wherein the step of calcu-
lating the bottom center strain includes measuring bottom
center strain on a plurality of workpiece samples formed
with a shrink flange, developing a bottom center strain
correlation as a function of arc length, flange width, contour
radius, material thickness, and pressure, and calculating a
bottom center strain with the empirical correlations.

18. The method of claim 17 wherein the bottom center
strain 1s calculated according to the empirical correlation:

e=K(u)*(FW)*(CR)*(1)*(PY.,

where (K) is a flange bending constant, (u) is the arc length,
(a) is an arc length strain constant, (FW) is the flange width,
(b) 1s an flange width strain constant, (CR) is the convex
bend contour radius, (C) is a convex bend contour strain
constant, (t) is the workpiece thickness, (d) is a thickness
strain constant, (P) is the press forming pressure, and (f) is
a press forming pressure strain constant.

19. The method of claim 18 wherein the constant (a) is
obtained by bending the plurality of workpiece samples
having unequal arc lengths and substantially equivalent
respective flange widths, contour radii, thicknesses, and
pressures, measuring respective strain values of the bent
samples, and developing a first logarithmic correlation of arc
length to strain wherein the constant (a) corresponds to a
slope characteristic of the first correlation.

20. The method of claim 18 wherein the constant (b) is
obtained by bending the plurality of workpiece material
samples having unequal flange widths and substantially
equivalent respective arc lengths, contour radii, thicknesses,
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and pressures, measuring respective strain values of the bent
samples, and developing a second logarithmic correlation of
flange width to strain wherein the constant (b) corresponds
to a slope characteristic of the second logarithmic correla-
fion.

21. The method of claim 18 wherein the constant (C) is
obtained by bending the plurality of workpiece material
samples having unequal contour radii and substantially
cequivalent respective arc lengths, flange widths, thicknesses,
and pressures, measuring respective strain values of the bent
samples, and developing a third logarithmic correlation of
contour radius to strain wherein the constant (C) corresponds
to a slope characteristic of the third logarithmic correlation.

22. The method of claim 18 wherein the constant (d) is
obtained by bending the plurality of workpiece material
samples having unequal thicknesses and substantially
equivalent respective arc lengths, flange widths, contour
radi, and pressures, measuring respective strain values of
the bent samples, and developing a fourth logarithmic cor-
relation of thickness to strain wherein the constant (d)
corresponds to a slope characteristic of the fourth logarith-
mic correlation.

23. The method of claim 18 wherein the constant (f) is
obtained by bending the plurality of workpiece material
samples having unequal pressures and substantially equiva-
lent respective arc lengths, flange widths, contour radiu, and
thicknesses, measuring respective strain values of the bent
samples, and developing a fifth logarithmic correlation of
thickness to strain wherein the constant (f) corresponds to a
slope characteristic of the fifth logarithmic correlation.

24. The method of claim 18 wherein the flange bending
constant (K) corresponds to the calculation according to the
empirical correlation based on the obtained constants (a),
(b), (¢), (d) and (t) and experimentally obtained e, u, FW,
CR, t and P.

25. The method of claim 24 wherein the value of ¢ 1s
experimentally obtained by maintaining the u, FW, CR, t, P
as the workpiece material samples bend to an onset of
failure, and incorporating the values of e, u, FW, CR, t and
P at the onset of failure to the empirical correlation to
determine the constant K.

26. The method of claim 1 additionally comprising steps
of calculating a straight bend spring back deformation of the
workpiece 1n response to the article having at least one
straight bend.

27. The method of claim 26 wherein the step of calcu-
lating the straight bend spring back deformation includes
inputting a press forming pressure, measuring spring back
deformation from a plurality of workpiece samples formed
with a straight bend, developing a straight bend spring back
correlation as a function of workpiece thickness (t), bend
angle (&), bend radius (BR), and press forming pressure (P),
and calculating the straight bend spring back deformation
according to the straight bend spring back correlation.

28. The method of claim 27 wherein the straight bend
spring back deformation (s ) is calculated according to the
correlation:

SBD=k, (1)*(©)"(BR)(P)";

wherein (k,) is a straight bend spring back constant for the
material, (a) is a thickness constant for the workpiece
material, (b) is a bend angle constant for the material, © 1S
a bend radius constant for the material, and (v) is a press
forming pressure constant for the workpiece material.

29. The method of claim 1 additionally comprising steps
of calculating a curved bend spring back deformation of the
workpiece 1n response to the article having at least one
straight bend.
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30. The method of claim 29 wherein the step of calcu-
lating the curved bend spring back deformation includes
inputting a press forming pressure, measuring spring back
deformation from a plurality of workpiece samples formed
with a curved bend, developing a curved bend spring back
correlation as a function of workpiece thickness (t), bend
angle (&), bend radius (BR), contour radius (CR), and press
forming pressure (P), and calculating the curved bend spring
back deformation according to the straight bend spring back
correlation.

31. The method of claim 30 wherein the curved bend
spring back deformation (S_,) 1s calculated according to the
correlation:

SBD=k,(1)"(&)"(BR)' (CR)*(P)";

wherein (k,) is a curved bend spring back constant for the
material, (m) 1s a thickness constant for the workpiece
material, (n) 1s a bend angle constant for the material, (r) is
a bend radius constant for the material, (s) is a contour radius
constant for the workpiece material, and (v) is a press
forming pressure constant for the workpiece material.

32. A method of predicting failure 1n a workpiece having
a yield strain and a thickness upon forming at least one
straight bend thereto, the method comprising the steps of:

a) selecting a workpiece from a predetermined set of
workpieces, each respective one of the workpieces in
the predetermined set having a yield strain correspond-
ing thereto;

b) determining whether the selected workpiece has at least
one straight bend wherein each straight bend defines a
respective straight bend axis;

c) inputting a straight bend radius and a straight bend
angle for each straight bend;

d) calculating a straight bend strain across each respective
straight bend axis 1n response to each of the mputted
straight bend radius and straight bend angle; and

¢) comparing the respective straight bend strain to the
workpiece yield strain for prediction of the failure in
the workpiece upon forming the at least one straight
bend.

33. The method of claim 32 wherein the workpiece 1n step
a) 1s selected from the predetermined set of workpieces
consisting of 304 stainless steel, 2024 aluminum-0O, 2024
alumimnum AQ, 2024 aluminum T4, and 2024 aluminum T3.

34. The method of claim 33 wherein the yield strain 1s 1.5
for 304 stainless steel, 1.5 for 2024 aluminum-0O, 1.65 for
2024 aluminum AQ, 3.0 for 2024 aluminum T4, and 3.0 for
2024 aluminum T3.

35. The method of claim 32 wherein the step of calcu-
lating the straight bend strain 1includes measuring strain on
a plurality of workpiece samples formed with straight bends,
utilizing the measured strain values to develop an empirical
correlation of the straight bend strain as a function of the
bend angle, the bend radius, and the material thickness, and
calculating the straight bend strain according to the empiri-
cal strain correlation.

36. The method of 35 wherein the straight bend strain
(e,;) 1s calculated according to the empirical strain correla-
tion:

es5=K(0)*(BR)"(BA)",

where (K) is a straight bend constant, (t) is the workpiece
thickness, (a) is a strain thickness constant, (BR) is the

straight bend radius, (b) 1s a straight bend radius constant,
(BA) i1s the straight bend angle, and © is a straight bend
angle constant.
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37. The method of claim 36 wherein the constant (a) is
obtained by bending the plurality of workpiece samples
having unequal thicknesses to substantially equivalent
respective bend angles and bend radii, measuring respective
strain values of the bent samples, and developing a first
logarithmic correlation of thickness relative to strain
wherein the constant (a) corresponds to a slope characteristic
of the first logarithmic correlation, the constant (b) is

obtained by bending the plurality of workpiece samples
having substantially equivalent thicknesses to respective

substantially equivalent bend angles having unequal bend
radil, measuring respective strain values for the bent
samples, and developing a second logarithmic correlation of
bend radii relative to strain wherein the constant (b) corre-
sponds to a slope characteristic of the second logarithmic
correlation, the constant © 1s obtained by bending the
plurality of workpiece samples having substantially equiva-
lent thicknesses to respective unequal bend angles having
substantially equivalent respective bend radii, measuring
respective strain values for the bent samples, and developing
a third logarithmic correlation of bend angle relative to
strain wherein the constant © corresponds to a slope
characteristic of the third logarithmic correlation, and the
constant K corresponds to the calculation according to the

empirical strain correlation based on the obtained constants
(a), (b) and (C) and experimentally obtained e_,, t, BR and

BA.

38. The method of claim 37 wherein the value of ¢, 1s
experimentally obtained by maintaining the t and BR as the
BA varies until the workpiece samples fracture, and incor-
porating the values of e ,, t, BR and BA at the fracture to the
empirical strain correlation to determine the constant K.

39. The method of claim 32 wherein the respective
straight bend strain in step €) is lower than the workpiece
yield strain to predict no failure mm the workpiece upon
forming the at least one straight bend thereto.

40. The method of claim 32 wherein the respective
straight bend strain in step €) 1s equal to the workpiece yield
strain to predict failure in the workpiece upon forming the at
least one straight bend thereto.

41. The method of claim 32 wherein the respective
straight bend strain in step €) is greater than the workpiece
yield strain to predict failure 1n the workpiece upon forming
the at least one straight bend thereto.

42. A method of predicting failure 1n a workpiece upon
forming at least one stretch flange thereto, the method
comprising the steps of:

a) selecting a workpiece having a yield strain;

b) determining whether the selected workpiece has at least
one stretch flange defining a corner axis and a center-
line axis;

¢) inputting a bend radius, a bend arc length, a flange
width, a material thickness and a contour radius for
cach stretch flange;

d) calculating a stretch flange corner strain across the
corner axis and a stretch flange bottom center strain
across the centerline axis for each stretch flange 1n
response to each of the mputted bend radius, bend arc
length, tflange width, material thickness and contour
radius; and

¢) comparing the respective stretch flange corner strain
and the stretch flange bottom center strain to the
workpiece yield strain for prediction of the failure in
the workpiece upon forming the at least one stretch

flange.
43. The method of claim 42 wherein the step of calcu-
lating the stretch flange strain 1mncludes measuring strain on
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a plurality of workpiece samples formed with stretch
flanges, utilizing the measured strain values to develop an
empirical correlation of the stretch flange corner strain and
the stretch flange bottom center strain as a function of the arc
length, the flange width, the contour radius, the bend radius,
and the material thickness, and calculating the stretch flange
corner strain and the stretch flange bottom center strain
according to the empirical correlation.

44. The method of claim 43 wherein the bottom center
stretch flange strain and the stretch flange bottom centerline
strain are calculated according to the empirical correlation:

e=K(u)*(FW)?(CR)*(BR)“(1)",

wherein (K) is a stretch flange constant, (u) is the concave
bend arc length, (FW) is the article flange width, (CR) is the

article contour radius, (BR) is the concave bend radius, (t) is
the workpiece material thickness, (a) is an arc length con-
stant for the workpiece material, (b) is a flange width
constant for the workpiece material, 1s a contour radius
constant for the workpiece material, (d) is a bend radius
constant for the workpiece material, and (¢) is a thickness
constant for the workpiece material.

45. The method of claim 44 wherein the constant (a) is
obtained by arcuately bending the plurality of workpiece
samples having substantially equal thicknesses 1nto respec-
five concave arcuate shapes having unequal arc lengths and
substantially equivalent flange widths, contour radi, and
bend radiu, measuring respective strain values of the bent
samples, and developing a first logarithmic correlation of arc
length to strain wherein the constant (a) corresponds to a
slope characteristic of the first correlation, the constant (b)
1s obtained by arcuately bending the plurality of workpiece
samples having substantially equal thicknesses into respec-
five concave arcuate shapes having unequal flange widths
and substantially equivalent arc lengths, contour radi, and
bend radii, measuring respective strain values of the bent
samples, and developing a second logarithmic correlation of
flange width to strain wherein the constant (b) corresponds
to a slope characteristic of the second correlation, the
constant © 1s obtained by arcuately bending the plurality of
workpiece samples having substantially equal thicknesses
Into respective concave arcuate shapes having unequal con-
tour radin and substantially equivalent flange widths, arc
lengths, and bend radi, measuring respective strain values
of the bent samples, and developing a third logarithmic
correlation of contour radius to strain wherein the constant
© corresponds to a slope characteristic of the third
correlation, the constant (d) is obtained by arcuately bending
the plurality of workpiece samples having substantially
equal thicknesses into respective concave arcuate shapes
having unequal bend radi1 and substantially equivalent arc
lengths, contour radi, and flange width, measuring respec-
five strain values of the bent samples, and developing a
fourth logarithmic correlation of bend radius to strain
wherein the constant (d) corresponds to a slope character-
istic of the fourth correlation, and the constant (¢) 1s obtained
by arcuately bending the plurality of workpiece samples
having unequal thicknesses 1nto respective concave arcuate
shapes having substantially equivalent flange widths, con-
tour radi, arc lengths, and bend radii, measuring respective
strain values of the bent samples, and developing a fifth
logarithmic correlation of material thickness to strain
wherein the constant (e) corresponds to a slope characteristic
of the fifth correlation.

46. The method of claim 44 wherein the stretch flange
constant (K) corresponds to the calculation according to the
empirical correlation based on the obtained constants (a),
(b), (¢), (d) and (e) and experimentally obtained e, t, u, FW,
CR and BR.
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47. The method of claim 46 wherein the value of ¢ 1s
experimentally obtained by maintaining the t, u, FW, CR,
BR as the workpiece material samples bend to an onset of
failure, and 1ncorporating the values of ¢, t, u, FW, CR and
BR at the onset of failure to the empirical correlation to
determine the constant K.

48. The method of claim 42 wherein the respective stretch
flange corner strain in step e) is lower than the workpiece
yield strain to predict no failure in the workpiece upon
forming the at least one stretch flange thereto.

49. The method of claim 42 wherein the respective stretch
flange bottom center strain in step €) is lower than the
workpiece yield strain to predict no failure 1n the workpiece
upon forming the at least one stretch tlange thereto.

50. The method of claim 42 wherein the respective stretch
flange corner strain in step €) is greater than the workpiece
yield strain to predict failure 1n the workpiece upon forming
the at least one stretch flange thereto.

51. The method of claim 42 wherein the respective stretch
flange bottom center strain in step ¢) is greater than the
workpiece yield strain to predict failure in the workpiece
upon forming the at least one stretch flange thereto.

52. A method of predicting failure 1n a workpiece having,
a yield strain and a thickness upon forming at least one
shrink flange thereto, the method comprising the steps of:

a) selecting a workpiece from a predetermined set of
workpieces, each respective one of the workpieces 1n
the predetermined set having a yield strain correspond-
ing thereto;

b) determining whether the selected workpiece has at least
one shrink flange defining a corner axis and a centerline
axis;

¢) inputting an arc length, a bend radius, a bend contour
radius, a flange width, and a press forming pressure for
cach shrink flange;

d) calculating a straight bend corner strain across the
corner axis and a straight bend bottom center strain
across the centerline axis for each shrink flange 1n
response to each of the mputted arc length, bend radius,
bend contour radius, flange width and press forming
pressure;

¢) comparing the respective straight bend corner strain
and the straight bend bottom center strain to the work-
piece yield strain for prediction of the failure m the
workpiece upon forming the at least one shrink flange.

53. The method of claim 52 wherein the workpiece 1n step
a) 1s selected from the predetermined set of workpieces
consisting of 304 stainless steel, 2024 aluminum-0O, 2024
alumimum AQ, 2024 aluminum T4, and 2024 aluminum T13.

54. The method of claim 53 wherein the yield strain 1s 1.5
for 304 stainless steel, 1.5 for 2024 aluminum-O, 1.65 for
2024 aluminum AQ, 3.0 for 2024 aluminum T4, and 3.0 for
2024 aluminum T3.

55. The method of claim 52 wherein the step of calcu-
lating the bottom center strain includes measuring bottom
center strain on a plurality of workpiece samples formed
with a shrink flange, developing a bottom center strain
correlation as a function of arc length, flange width, contour
radius, material thickness, and pressure, and calculating a
bottom center strain with the empirical correlations.

56. The method of claim 55 wherein the bottom center
strain 1s calculated according to the empirical correlation:

e=K(u)"(FW) (CR)“(£)"(PY,

where (K) 1s a flange bending constant, (u) is the arc length,
(a) is an arc length strain constant, (FW) is the flange width,
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(b) 1s an flange width strain constant, (CR) 1s the convex
bend contour radius, (C) is a convex bend contour strain
constant, (t) is the workpiece thickness, (d) is a thickness
strain constant, (P) is the press forming pressure, and (f) is
a press forming pressure strain constant.

57. The method of claim 56 wherein the constant (a) is
obtained by bending the plurality of workpiece samples
having unequal arc lengths and substantially equivalent
respective flange widths, contour radii, thicknesses, and
pressures, measuring respective strain values of the bent
samples, and developing a first logarithmic correlation of arc
length to strain wherein the constant (a) corresponds to a
slope characteristic of the first correlation, the constant (b)
1s obtained by bending the plurality of workpiece samples
having unequal flange widths and substantially equivalent
respective arc lengths, contour radii, thicknesses, and
pressures, measuring respective strain values of the bent
samples, and developing a second logarithmic correlation of
flange width to strain wherein the constant (b) corresponds
to a slope characteristic of the second logarithmic
correlation, the constant © 1s obtained by bending the
plurality of workpiece samples having unequal contour radii
and substantially equivalent respective arc lengths, flange
widths, thicknesses, and pressures, measuring respective
strain values of the bent samples, and developing a third
logarithmic correlation of contour radius to strain wherein
the constant © corresponds to a slope characteristic of the
third logarithmic correlation, the constant (d) is obtained by
bending the plurality of workpiece samples having unequal
thicknesses and substantially equivalent respective arc
lengths, flange widths, contour radii, and pressures, measur-
ing respective strain values of the bent samples, and devel-
oping a fourth logarithmic correlation of thickness to strain
wherein the constant (d) corresponds to a slope character-
istic of the fourth logarithmic correlation, and the constant
(f) is obtained by bending the plurality of workpiece samples
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having unequal pressures and substantially equivalent
respective arc lengths, flange widths, contour radn, and
thicknesses, measuring respective strain values of the bent
samples, and developing a fifth logarithmic correlation of
thickness to strain wherein the constant (f) corresponds to a
slope characteristic of the fifth logarithmic correlation.

58. The method of claim 56 wherein the flange bending
constant (K) corresponds to the calculation according to the
empirical correlation based on the obtained constants (a),
(b), (¢), (d) and (f) and experimentally obtained e, u, FW,
CR, t and P.

59. The method of claim 58 wherein the value of ¢ 1s
experimentally obtained by maintaining the u, FW, CR, t, P
as the workpiece samples bend to an onset of failure, and
incorporating the values of ¢, u, FW, CR, t and P at the onset
of failure to the empirical correlation to determine the
constant K.

60. The method of claim 52 wherein the respective
straight bend corner strain in step €) is lower than the
workpiece yield strain to predict no failure 1in the workpiece
upon forming the at least one stretch flange thereto.

61. The method of claim 52 wherein the respective
straight bend corner strain in step €) is greater than the
workpiece yield strain to predict failure i the workpiece
upon forming the at least one stretch tlange thereto.

62. The method of claim 52 wherein the respective
straight bend bottom center strain in step €) is lower than the
workpiece yield strain to predict no failure 1n the workpiece
upon forming the at least one stretch flange thereto.

63. The method of claim 52 wherein the respective
straight bend bottom center strain in step €) is greater than
the workpiece yield strain to predict failure 1n the workpiece
upon forming the at least one stretch flange thereto.
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